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1. Introduction 
In a recent paper [l] one of us (L.M.P.) showed 
that TB can form a complex with rRNA (designated 
complex I) which has the same electrophoretic mobi- 
lity as the uncomplexed RNA. Complexes of this 
type, formed from rRNA’s of different sizes, can be 
followed directly during their electrophoretic separa- 
tion in the gel. At the same time electrophoresis 
yields interesting information concerning the nature 
of the bonds that stabilize the dye/RNA complexes. 
The aim of this paper is to describe further possibili- 
ties for the study of dye nucleic acid complexes with 
the gel electrophoretic procedure and to focus the 
attention on a few particular aspects of the TB/RNA 
interaction* **. 
2. Methods 
2.1. Gel electrophoresis 
30 ml of gel consisting of 1.5% agarose and 1.25% 
polyacrylamide was prepared by heating 0.45 g of 
agarose in 24.3 ml of water at 90” for 20 min. The 
clear solution was cooled to 48” (solution A). 
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A solution B was prepared separately by heating 
3 ml of 0.2 M tris-citrate buffer, pH 7.9, with 2.5 ml 
of 15% cyanogum (a mixture of 95 parts of acryl- 
amide and 5 parts of N,N’-methyienebisacrylamide) 
and 0.015 ml of TEMED (N,N,N’,N’-tetramethylethyl- 
enediamine) at 48’. After mixing the solutions A and 
B, 0.15 ml of a freshly prepared 10% ammonium 
persulphate solution was added under vigorous stirring 
and the resulting solution was poured into a glass cell 
of 17 X 8.5 cm as described by Akroyd [2]. The 
plasticine and the top glass plate were removed after 
1 hr of polymerization, taking care not to disturb gel 
adhesion to the base plate of the cell. Holes were cut 
in the gel in order to introduce the nucleic acids. 
During electrophoresis the gel was in a horizontal 
position. 
2.2. Complex formation of various RNA species with 
TB occurring in two ways 
2.2.1. Total saturation of RNA’s with TB after elec- 
trophoresis 
The gel was stained with a 0.01% TB solution [3] 
for 60 min whereafter the free dye was removed by 
washing the gel with water overnight. 
2.2.2. Partial saturation of RNA’s with TB before 
electrophoresis 
RNA and the dye were mixed at the TB/N ratios 
as indicated in parentheses in figs. 1 and 2 and subse- 
quently submitted to electrophoresis as previously 
described [ 1 ] . 
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Fig. la. Gel electrophoresis of various species of RNA, com- 
plexed with TB. RNA was complexed with dye at the TB/N 
ratios indicated. The concentration of viral RNA and rRNA 
was 1 mg/ml, that of tRNA 2 mg/ml. Electrophoresis was 
performed in 0.2 M Tris-citrate buffer (pH 7.9) for 50 min 
at 150 V and 30 mA at room temperature. 
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Fig. 2. Absorption spectra of partially or totally complexed 
RNA. All curves, except the one indicated: rRNA (TB/N= 0.2), 
were obtained by total saturation of the polynucleotides with 
dye after electrophoresis according to 2.2.1. The absorption 
spectra of the complexes in the dried gel were recorded ac- 
cording to 2.3. 
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Fig. lb. Relationship between the molecular weights and the 
electrophoretic mobilities of various RNA/TB complexes 
shown in fig. la 
2.3. Recording of the absorption spectra of the com- 
plexes in the dried gel 
The gel was dried with cooled air, taking care that 
the formation of air bubbles in the gel was prevented. 
The glass plate bearing the dried film was put in a 
DK2 Beckman spectrophotometer for direct and auto- 
matic recordance of the spectra. Similar films with- 
out RNA/dye complexes were used as blanks. 
3. Results and discussion 
The complexes formed between TB and various 
species of natural RNA could be followed during their 
electrophoretic migration by direct observation (fig. 
la; TB/N ratios < 0.26). 
By contrast the synthetic polynucleotides poly U 
and poly A at comparable TB/N ratios formed com- 
plexes which appeared to be unstable under the con- 
ditions of the electrophoresis. As a result the free 
polynucleotides moved away from the origin but the 
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dye did not migrate. (Migration of the free polynu- 
cleotides was demonstrated by staining the latter 
with TB after electrophoresis according to 22.1.). 
Complexes between the natural RNA’s and the 
dye formed at the TB/N ratios mentioned above mi- 
grate during electrophoresis at the same rate as un- 
complexed RNA’s. An inverse linear relationship 
between the logarithms of the assumed molecular 
weights of various (uncomplexed) RNA’s and their 
electrophoretic mobilities has been reported [4,5]. 
Such a relationship also exists in the case of the com- 
plexed RNA’s (fig. lb). Consequently RNA sizes can 
now be estimated even more rapidly than before 
(within 1 hr) as migration can be followed by direct 
observation. 
Recording of the absorption spectra of partially 
or totally complexed RNA’s in the dried gel (compare 
2.3) yielded the results illustrated in fig. 2. The ab- 
sorption spectrum of rRNA totally saturated with dye 
showed a maximum at 575 nyl with a shoulder at 
630 ml.c. If rRNA was only partially complexed with 
TB (TB/N = 0.2) absorption reached maximum values 
at 630 m/~ and a shoulder was apparent at 575 rnp. 
Striking differences were found between the two syn- 
thetic homopolynucleotides when totally saturated 
with TB. Poly A displayed a maximum at 575 m/~ and 
a shoulder at 630 ~-I/J, whereas poly U had a maximum 
at 520 rnE.c which was absent in the case of poly A. 
In an attempt to interpret the various spectral 
characteristics observed with the TB/polynucleotide 
complexes when recorded directly in the dried gels, 
we have titrated a number of RNA’s (TYMV-RNA, 
rRNA, tRNA, poly A + poly U, poly A and poly U) 
with the dye in solution [6]. 
A representative xperiment with TYMV-RNA is 
illustrated in fig. 3, in which the TB concentration 
was kept constant and that of the viral RNA varied. 
The unbound dye, present as a dimer [ 1 ] , had an 
absorption maximum at 600 rnp. At low TB/N ratios 
(0.01-0.04) this maximum was shifted to 630 ml.c 
(red shift). The corresponding curves all passed 
through a common isosbestic point. At TB/N ratios 
of about 0.64 and 1.28 the main maximum was at 
575 w (blue shift) while shoulders were apparent 
at 630 and 520 rnp. A second isosbestic point could 
be detected at about 560 rnp. These data lead us to 
the following interpretations. 
Since the maximum at 630 m/~ was also observed 
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Fig. 3. Spectra of TB in the presence and absence of TYMV- 
RNA. TB was dissolved in 0.005 M TrisHCl buffer pH 7, at a 
concentration of 5 X lo-’ M. The formation of different 
RNA-TB complexes appeared to be better defined under these 
conditions than in the more diluted dye solution containing 
NaCl ions [ 11. 
upon interaction of TB with double stranded poly- 
nucleotides (like DNA and a mixture of poly U and 
poly A) but not with a single stranded polynucleotide 
of low stacking ability (poly U), it was assumed that 
intercalation of the dye between Watson and Crick 
type base pairs was responsible for the absorption at 
630 rnp. The fact that fully saturated poly A (fig. 2) 
displayed a shoulder at this wavelength suggested 
that intercalation may also occur to some extent be- 
tween stacked bases of a single stranded polynucleo- 
tide. The absence of the shoulder at 630 rnp in the 
case of poly U is in accordance with the lower stack- 
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ing ability of this polynucleotide as compared with 
poly A [7,8]. According to common practice the RNA/ 
dye complex resulting from dye intercalation was 
designated complex I [ 1,9] . It was generally formed 
at low TB/N ratios(< 0.2). 
At higher ratios an additional binding process took 
place in which non-hydrogen bonded nucleotides 
are probably involved, yielding a so-called complex II 
with a maximum of absorption at 575 rnp. This type 
of interaction, presumably between TB and the nega- 
tively charged phosphate groups of TYMV-RNA (fig. 
3), was also observed with totally charged poly A 
(fig. 2). 
Evidently absorption at 520 rnp, visible as a maxi- 
mum in the spectrum of poly U (fig. 2) and as a 
shoulder in that of TYMV-RNA (fig. 3) must be due 
to a different type of interaction. Possibly this ab- 
sorption may also be ascribed to a binding of TB to 
the exterior of the RNA chain. In this case, however, 
unstacked nucleotides in the more amorphous part 
of the chain may be involved and interaction between 
adjacent dye ions may result in aggregation or stack- 
ing of TB on the surface of the polyanion. Evidence 
for TB binding to amorphous regions was derived 
from the following observations. The shoulder at 
520 rnp, which was observed with a number of 
natural RNA’s [6] could only be detected at high 
TB/N ratios and under particular conditions of ionic 
strength and dye concentration (compare legend of 
fig. 3). The conditions in the dried gel for instance 
(fig. 2) did not permit detection of the shoulder in 
the case of rRNA. 
Titration of poly A under the favourable conditions 
of fig. 3 did not reveal any absorption at 520 m in 
agreement with the stacking of bases which is charac- 
teristic for this polynucleotide. 
By contrast absorption at 520 m~.c is most clearly 
demonstrated in the experiment with the polynu- 
cleotide of low stacking ability (poly U, fig. 2) in 
which even maximal absorption is reached at this 
wavelength. Highly ordered structures like DNA and 
poly A plus poly U do not show absorption at 520 w. 
4. Conclusions 
(1) Natural RNA’s like MS2-RNA, TYMV-RNA, 
tRNA and rRNA form stable complexes with TB. 
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During gel electrophoresis these complexes migrate 
with the same rate as the uncomplexed RNA’s. 
(2) The electrophoretic migration rate permits an 
estimation of RNA sizes, which is more rapid than 
that of similar previously reported procedures. 
(3) Poly U and poly A form complexes with the 
dye, which are unstable under the conditions of 
electrophoresis. 
(4) At low dye concentrations natural RNA’s form 
a so-called complex I, in which intercalation of dye 
between Watson and Crick type base pairs is assumed 
to occur. At higher dye/nucleotide ratios two types of 
interaction with the phosphate groups may take place; 
one probably involves mainly non-hydrogen bonded 
nucleotides in stacked conformations and the second 
unstacked nucleotides. 
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Note added in the proof 
The agarose used was a Behringwerke A.G. product. 
The composite gel prepared by the procedure described 
in this paper is very useful for radioautographic deter- 
minations. 
The toluidine blue was a product from Chroma Ge- 
sellschaft, Schmidt und Co. Stuttgart. This dye appears 
to have a high association ability. 
